In this study, several standard toxicity tests have been performed on selected inorganic nanoparticles. Acute toxicity tests were selected according to their extensive use in toxicological studies and included phytotoxicity using several seeds, Daphnia magna and a bioluminescent test (Microtox®). All of them have been used in several international regulations as toxicity assays. In the case of nanoparticles (NPs), we have studied those of cerium oxide, titanium dioxide and iron oxide. Iron oxide NPs are well known and broadly used and were selected because of their low toxicity. Titanium dioxide and cerium oxide NPs are currently being used in several fields such as photocatalysis and medical applications, but their toxicity effects have been scarcely studied. Our results revealed that cerium NPs are extremely toxic in the entire set of tests conducted (inhibition higher than 80% at very low concentrations for the bioluminescence test and LC50 = 0.012 mg/ml of mortality in the assays of Daphnia magna), whereas titanium NPs were practically inert in terms of toxicity (values similar to those of controls). The possible toxicological effect of the solvents necessary to stabilize NPs in liquid medium for the three cases (stabilizers) has been also studied.
Introduction
As a result of advances in methods of producing nanoparticles (NPs) with controlled morphology and composition, as well as the incipient development of protocols for large-scale synthesis, in recent years the use of engineered inorganic nanoparticles has increased exponentially. These nanoparticles are the base for manufacturing new materials that project and materialize a variety of applications. Some of them have been inserted as raw matter in the productive sector to be a part of the dynamic supply of consumer products and support the research and development tasks. In this context it is necessary to assess the environmental and biological risk factors of exposure to man made nanoparticles either in the colloidal phase or incorporated in materials that may interact with atmospheric and biological media. Apart from the exposure through intended use, unwanted dispersion (spill) or (nano)waste management have also to be considered as critical pathway to insert nanoparticles in the environment. Another concern is the potential release of large amounts of nanoparticles to soils, water or as by products of their use in remediation strategies of removal of PCB and toxins [1] [2] . It is significant that nearly one billion dollars have been allocated to the U.S. EPA in 2009 for remediation projects [3] ; therefore the benefits of using some NPs for environmental remediation have to be balanced with their potential risks.
Nanoparticles are sensitive to the nature and evolution of the entities that conform the interaction environment. The response of the nanoparticle environment can be extremely complex and diverse, depending on a variety parameters involved, which makes difficult modeling their environmental fate. Once NPs leave from the laboratory they may be either aggregated into microscopic particles or embedded in the exposed materials, they may corrode and dissolve or they may provoke morphological modifications to the entities they interact with. The surface of the NPs surface constant modifications and it is indeed through its surface that the NPs interact with its environment. Thus, in biological environments, the toxic effects of nanoparticles will depend not only on the initial morphological properties, composition, size, additives and synthesis method employed, but also, on the physico-chemical evolution in the surroundings [4, 5, 6] . Therefore, it is necessary to evaluate risk factors considering the type of morphology, size, method of producing nanoparticles and the type of target and conditions of interaction [7] [8] .
In this work we examine the environmental impact of nanoparticles of metallic oxides, magnetite (Fe 3 O 4 ), titanium (TiO 2 ) and cerium (CeO 2 ), and the suitability of the standardized toxicity tests currently used to measure their impact. Due to its physicochemical properties, CeO 2 can protect biological tissues from the oxidative stress caused by reactive oxygen species [9] . Accordingly, CeO 2 is being used as an antioxidant to block the enzymatic activity that causes glaucoma [10] and other retinal disorders [11] . Ceria based catalytic filters have also been implemented in automobiles around the world to reduce diesel exhaust particles, while few cytotoxic and environmental studies of the impact of the use of these nanoparticles have been performed [12] . Fe 3 O 4 opened an important scenario of applications in nanotherapy [13] , removal of contaminants [14] , data processing and storage [14] , among others while it has been traditionally used in industry as pigment, catalyst or magnetic coating.
Finally, TiO 2 has raised a number of concerns and also deserves special attention. TiO 2 is present in sunscreens due to its consideration as safe physical sunscreen agent, which reflects and scatters both UVB (290-320 nm) and UVA (320-400 nm), the principal cause of skin cancer. Also, TiO 2 is used to mineralize many undesired organic pollutants [15] . On the other hand, as TiO 2 absorbs substantial UV radiation, in aqueous media-despite the low penetration of UV in water-could yield to hydroxyl species and these species may cause substantial damage to DNA [16, 17, 18] .
In consequence, the main objectives of this paper are: i) to evaluate the suitability of some standard toxicity tests when applied to water or wastewater containing NPs and ii) to collect information about the toxicity of new NPs that are scarcely studied.
Materials and methods

Nanoparticles preparation
Three different kinds of metal oxide NPs were synthesized in aqueous phase, using milli-Q grade water. All reagents were purchased from Sigma-Aldrich (99% purity grade) and used as received. All the synthesis procedures are based in preexisted ones available in the scientific literature with modifications to be adapted to large-scale yields. Briefly, for CeO 2 NPs, based on Zhang et al [19] , the Ce 3+ ions from Ce(NO 3 ) 3 salt are oxidized at basic pH conditions to Ce 4+ using hexamethylenetetramine (HMT).
Then, CeO 2 nanocrystals precipitate and are further stabilized in aqueous medium with the same reagent HMT, which form the double electrical layer to prevent agglomeration.
For TiO 2 NPs, based on Pottier et al [20] , the synthesis procedure consists on the decomposition of titanium tetrachloride (TiCl 4 ) at acidic pH (from 2 to 6). After that, it follows a growing step of the nanocrystals, carried out in an oven at 70ºC, purification 
Characterization and stability of NPs
For the fully characterization of NPs, the obtained NPs suspensions were analyzed with dynamic light scattering (DLS) to determine the NPs size distribution (and therefore if agglomeration had occurred) in a Nanoparticle Analysis System (Malvern, UK). DLS is a well-known tool to determine the hydrodynamic diameter of colloidal particles. Zeta Potential (ZP) measurements were also performed for study some surface properties, and changes after the experiments. ZP is a useful technique to study NPs stability and their surface charge in colloids when they are electrostatically stabilized. X-Ray
Diffraction spectra (using a PANalytical X´Pert diffractometer using a Cu Kα radiation source) have also been taken to determine the crystalline phase of the samples.
Transmission electron microscope (TEM, using a JEOL 1010 operating at an accelerating voltage of 80 kV) images of the samples were also taken after NPs synthesis ( Fig. 1) , to characterize the NPs, and after the toxicity experiments. In all cases the sizes of NPs responded similarly before and after the experiments, showing no relevant differences in shape and size (data not shown).
The details and also the importance of the fully characterization of the NPs, and other factors as stability (agglomeration of NPs changes doses and their physicochemical and morphological properties), concentration at which NPs are obtained and used (that correspond to those currently being developed for applications which, in the near future, we anticipate might exert an environmental impact), the solvent in which nanoparticles are dispersed (presence of salts or other stabilizers, adsorption of molecules from the environment), have been extensively discussed in our previous works [23] . The details of the characterization of NPs used in this work are shown in Table 1 .
Germination index
The phytotoxicity of NPs was evaluated by the seed germination technique. The germination index has been extensively used as an indicator of phytotoxicity in soils [24] [25] . It is important to note that the germination index combines germination and root growth and consequently it is a more complete toxicity parameter. The root elongation is the percentage of root length compared to control and it can be an indication of the presence of stress effects or other non-acute toxicological effects in the plant evolution.
Hence, the root elongation can be more sensitive than germination index when the toxicity affects directly the root development [23] .
Daphnia magna assays
Acute 48 h toxicity assays with D. magna were conducted following Organisation for Economic Co-operation and Development (OECD) protocols with only minor modifications [27] . This kind of tests using little crustaceans like D. magna or even fish (zebrafish, rainbow trout) are commonly used and are internationally accepted for the evaluation of the toxicity of water and wastewater [28] . Groups of 10 neonates (< 24 h old) were exposed to 20 ml of test concentrations in 50 ml borosilicate flasks with no food present. Each treatment was replicated 3 times. At the end of exposures, immobile animals were recorded and median lethal concentration levels (LC 50 ) was calculated using probit procedures [29] . Experiments included several ranges of nanoparticles concentrations and their stabilizers. Firstly assays of high concentration were conducted. Then, the concentration levels were gradually reduced until LC 50 was found pH of stabilizers and NPs samples were previously adjusted to 7.0. when the probability of the result assuming the null hypothesis (p) is less than 0.05.
Results
Germination toxicity
The main results obtained in the germination test using several seeds are presented in Table 2 expressed as combined germination index (Equation 2). Allium porrum and
Capsicum annuum did not show any germination and were discarded. Typically, this test is used for aqueous extracts that may present some phytotoxic compounds, for instance, extracts from unstable compost or other types of organic fertilizers such as pig manure [23] [24] . It is also typical to conduct this test on several seeds as it is known that the response can be different for each plant specie, and in some cases some seeds do not show germination depending on the conditions used [31] . In the case of the NPs studied, oxide cerium NPs exhibit a high toxicology for all the seeds tested at the maximum stable concentration (0.64 mg/ml). When dilutions of this concentration were prepared, the effect was a slightly reduction of toxicity, as shown in Fig. 2 . However, a reduction up to 10% (0.064 mg/ml) still maintained a level of inhibition of germination around 80%, although the response is significantly different for the different seeds tested.
Contrarily, titanium dioxide NPs exhibited lower toxicity, which in some cases could be attributed to the effect of the stabilizer ( Table 2) . As it can be seen in Table 2 , effect of titanium stabilizers on seeds of Lactuca sativa, Solanum lycopersicum and Spinacia oleracea was greater than the suspension of NPs. This might be explained by adsorption of stabilizer molecules onto the surface of NPs, thus reducing the concentration (dose) of available stabilizer. Although germination tests are not common with NPs, similar results have been obtained with alumina NPs using several seeds [32] .
In the case of iron oxide NPs, a average toxicity was observed for both the stabilizer, probably because of the low concentration needed (Table 1) and NPs. Our previous results with iron oxide NPs also showed low or no toxicity for these NPs and its stabilizer [23] , which was justified by the generally non-toxic character of iron at the low concentrations, which has even been proposed for bioremediation of other pollutants [33] .
Nevertheless, it is worthwhile to mention that the differences in the germination test found for each seed were statistically significant in all cases. This implies that a different response is to be expected for any seed, which makes the interpretation of the results relatively difficult. Some authors have demonstrated that little differences in the surface of the NPs can be crucial for their phytotoxic properties [32] . However, it is evident that the standardization of this test is practically impossible given the variety of NPs and seeds.
Daphnia magna mortality
The results obtained with D. magna standard acute toxicology test are presented in Table 3 expressed as LC 50 . This test is proposed in some regulations and some results have been published for titanium dioxide NPs [34] , where one of the main conclusions was that the pretreatment of NPs was essential for its toxicological properties, although it is important to highlight that this work was based on non-solid NPs.
Cerium and titanium dioxide NPs were equally toxic to D. magna having similar values of LC 50 (0.012 mg/ml and 0.016 mg/ml, respectively). Although no results have been found in literature for cerium oxide NPs, the results for titanium dioxide are within the same order of magnitude than those found by [34] . The previous study reported values of 50% mortality for 0.0055 mg/ml (0.0055 mg/ml compared to 0.016 mg/ml reported in Table 3 ) for filtered oxide titanium NPs. Differences in LC 50 values between our and Lovern et al [34] study may be attributed to the different way of preparing NPs solutions.
In our study, D. magna showed an extreme sensibility to iron oxide NPs (LC 50 = 23·10 -4 mg/ml). In fact, dead animals showed black aggregates inside their body.
Unfortunately, no literature values have been found to compare these results, which would be of special interest since iron oxide nanoparticles are broadly used in several fields and they are generally considered non toxic materials [35] [36] .
Finally, it should be noticed that stabilizers used do not provoke any significant toxicological effect on D. magna, except in the case of TMAOH, where a weak effect was observed. However, toxicity of samples containing NPs was always significantly higher than the stabilizer alone. This phenomenon is clearly different than the results observed in the germination tests.
Bioluminescence toxicity
Bioluminescence tests such as Microtox® have been routinely applied to treated wastewaters as a standard measure of toxicity and they are included in several international regulations. However, their use with inorganic NPs is very scarce and related to NPs used in aquatic environments [37] , although a general lack of data is notorious. In our previous work, no toxicity was detected for Ag-NPs, Au-NPs, Fe 3 O 4 -NPs and their respective stabilizers [23] . However, it must be considered that in our first study the methodology used only allows to determine LC 50 values lower than 45% of the initial NPs concentration. In this work, we have used a methodology to determine LC 50 values up to 95% of the initial NPs concentration ( Table 1) . The results are presented in Table 4 .
Cerium oxide NPs exhibited again an important toxicity with this test, being the inhibition produced higher than 80% at 10% of the maximum concentration (0.64 mg/ml). This again highlights the high toxicity of this type of NPs. To our knowledge, only one work has been published on oxide cerium NPs toxicity in aquatic environments, particularly in crustaceans [38] and the results were similar to our study. This is of special importance since oxide cerium NPs are increasingly being used as a catalyst in the automotive industry [39] and in other medical applications [39] .
In the case of the other two NPs studied, titanium dioxide NPs showed practically no toxicity, and only an inhibition of 21% of the light emitted was detected at the maximum concentration, being practically negligible when NPs were slightly diluted. On the contrary, iron oxide NPs showed a clear sigmoid trend of toxicity when increasing the NPs concentration (Fig. 3) , resulting in an EC 50 value of 0.24 mg/ml. It is also worthwhile to mention that no differences were observed between the exposure to NPs of Vibrio fischeri during 5 and 15 minutes, a procedure that is recommended in Microtox® commercial test to distinguish between the types of toxicological effects that the substance can provoke on the bacterium. As it can be seen from Fig. 3 inhibition evolution at 5 and 15 minutes was very similar. This could indicate that toxicity effects of iron NPs are produced at very short term exposition. These values are also of interest since our previous study only showed a moderate toxicity when iron oxide NPs were exposed the 45% of the maximum stable concentration (0.052 mg/ml) [23] . Finally, none of the stabilizers showed detectable toxicity using this test.
Discussion
Although there is no an international consensus about what toxicity tests should be used for NPs, it is important to note that the results provided in this study can help in deciding which is/are the most suitable test/s. In fact, in some cases, a base set of tests is recommended to determine the toxicity of a given NPs to extract reliable conclusions about its toxicological effects [40] .
From the results obtained, it is clear that the germination tests do not seem to be adequate for determining NPs toxicity. Although in some particular cases the germination tests can be of interest [41] [42] , the results obtained for germination in this work and in our previous work with Ag-NPs, Au-NPs and Fe 3 O 4 -NPs [23] are hardly reproducible. Firstly, it is not clear why some seeds do not germinate under any conditions (Allium porrum and Capsicum annuum) while in other studies are successfully used to determine compost extract toxicity [31] . In second place, it is not evident why the stabilizers of NPs have an important effect in the germination, whereas in the other tests (D. magna and bioluminescence), the toxicity is practically negligible.
Moreover, some of the toxicological results obtained with this test (Table 2) (Table 3 ). This has been also observed by other authors with titanium dioxide NPs and fullerene, where their toxicity was studied in detail with D. magna after different treatments [34] . None of the stabilizers used in NPs tests show any toxicity.
Finally, to our knowledge, Microtox has not been extensively applied to evaluate the toxicity of NPs solutions. As commented previously, in our previous work [23] , no toxicity was detected for Ag-NPs, Au-NPs, Fe 3 O 4 -NPs and their respective stabilizers.
However, the method used in that work only permitted to detect toxicity when the NPs concentration was 45% of the maximum stable concentration. In the present study no limitation of NPs concentration existed and this test allowing to detect toxic effects of iron oxide, cerium oxide and titanium dioxide NPs (Table 4) . Moreover, no toxicity was found for stabilizers (in the maxim concentration) using this bioluminescence test. In consequence, and although this test obviously needs specific equipment (luminometer), its implementation, start-up and operation procedures make it very simple to be proposed for future studies with other NPs.
Conclusions
The standardized tests proposed in this study have proved to be very useful in 
